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SUMMARY 

A simulation  study w a s  undertaken  to  determine the e f f e c t  of t r a f f i c - senso r  
noise  on t h e   a b i l i t y  of a p i l o t  to  perform  an in - t r a i l   spac ing   t a sk .  The tests were 
conducted i n  a fixed-base  cockpit  simulator  configured as a current-generat ion  t rans-  
po r t   a i r c ra f t ,   w i th   an   e l ec t ron ic   t r a f f i c   d i sp l ay   p rov ided   i n  the weather-radarscope 
locat ion.  The t rue   pos i t i ons  of the t r a f f i c  were per turbed  in   both  re la t ive  range 
and  azimuth by random e r r o r s   t o   s i m u l a t e   t r a f f i c - s e n s o r   n o i s e   a s s o c i a t e d   w i t h   a n  
onboard  sensor. The evaluat ion  task  involved  s imulated  instrument   approaches  into 
a terminal  area while   maintaining  self-separat ion on a l ead   a i r c ra f t .   Sepa ra t ion  
performance  data  and p i l o t   s u b j e c t i v e   r a t i n g s  and comments were obtained  during  the 
study . 

The r e s u l t s  of t he   s epa ra t ion   da t a   i nd ica t e   t ha t   d i sp l ayed   t r a f f i c   pos i t i on  
errors,   having  standard-deviation  values up t o  0.3-n.mi. range and 8 O  azimuth,  had 
n e g l i g i b l e   e f f e c t  on the  spacing  performance  achieved by t h e   p i l o t s .  Speed p r o f i l e s  
of the   l ead   a i rc raf t ,   d i sp lay  of the  lead  aircraft   groundspeed, and i n d i v i d u a l   p i l o t  
techniques were  found t o   s i g n i f i c a n t l y   a f f e c t   t h e  mean spacing  performance.  Pilot 
comments and r a t i n g s   i n d i c a t e d   t h a t   d e s p i t e   t h e   a b i l i t y   t o   s u c c e s s f u l l y   u s e   t h e   t r a f -  
f ic   pos i t ion   da ta   wi th   h igh   sensor   no ise   l eve ls ,   the   p i lo t s   ob jec ted   to  even small 
e r r o r s  i n  the   d i sp layed   t ra f f ic   loca t ion .   Pos i t ion   e r rors   wi th   s tandard   devia t ions  
of 0.1 -n.mi. range  and 2 O  azimuth were ra ted   as   the  maximum noise  values which  were 
acceptable   to   the  pi lots   for   performing  the  self-spacing task. High mental  workload 
and  confusion  over   the  t rue  t raff ic   locat ion were c i t e d  as the  reasons  for   object ing 
to   t he   d i sp l ayed   t r a f f i c   pos i t i on   e r ro r s .  

INTRODUCTION 

Future  growth  of a i r   t r a n s p o r t a t i o n  is dependent on t h e   a b i l i t y  of t h e   a i r -  
t r a f f i c   c o n t r o l  (ATC) system t o  accommodate the   increas ing  demand f o r   c a p a c i t y   a t   t h e  
major  high-density  terminal  airports.  Currently, many a i rpo r t s   a r e   capac i ty - l imi t ed  
during peak o p e r a t i n g   p e r i o d s ,   r e s u l t i n g   i n   c o s t l y   a i r c r a f t   d e l a y s  and high  workload 
l e v e l s   f o r   a i r - t r a f f i c   c o n t r o l l e r s .  One method that  has  been  proposed  to  reduce 
c o n t r o l l e r  workload  and inc rease   a i rpo r t   capac i ty  is to   p rovide   t ra f f ic   in format ion  
i n   t h e   c o c k p i t   t o   a l l o w   g r e a t e r   p i l o t   p a r t i c i p a t i o n   i n   t h e  ATC process  and,  possibly, 
permit   the  use  of more e f f ic ien t   p rocedures .  This concept was f i r s t  proposed i n  
the 1940's ( r e f .  1 ); however, ea r ly   e f fo r t s   i nvo lv ing  TV broadcast  of the   cont ro l -  
lers' radarscope were abandoned  because of numerous technical   def ic iencies .   Recent  
advances i n  computer  technology, d i g i t a l   d a t a   l i n k s ,  and e l e c t r o n i c   f l i g h t   d i s p l a y s  
have  resulted i n  renewed in t e re s t   i n   t he   concep t .  

Numerous s imula t ion   s tud ies ,  most no tab ly   t he   e f fo r t s  by the  Massachusetts 
I n s t i t u t e  of Technology i n .   t h e   e a r l y  1970's ( r e f .  21, have  demonstrated p i l o t  accep- 
tance of t r a f f i c   i n fo rma t ion  and  have iden t i f i ed   s eve ra l   poss ib l e   bene f i t s   a s soc ia t ed  
wi th   ac t ive   use  of t raff ic-s i tuat ion  displays.   Current ly ,   the   Nat ional   Aeronaut ics  
and  Space  Administration (NASA) and the  Federal  Aviation  Administration (FAA) have 
undertaken a j o i n t  program to   explore   po ten t ia l   cockpi t   d i sp lay  of t r a f f i c  informa- 
t i o n  (CDTI)  applications  under realist ic environmental  and  workload  conditions. As a 
part of t h i s  program, NASA Langley  Research  Center is inves t iga t ing  CDTI appl ica t ions  
in   t he   ope ra t ion  of current ,   convent ional ly   equipped  t ransport   a i rcraf t   through  the 
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use  of   pi loted  s imulat ion  s tudies .  An impor tan t   cons idera t ion   in   these   s tud ies  is 
the impact of t r a f f i c - s e n s o r   c h a r a c t e r i s t i c s  on t h e   a b i l i t y  of p i l o t s   t o   e f f e c t i v e l y  
u t i l i z e   t h e  CDTI. 

The primary  objective  of  this  study w a s  to  determine  the  effect  of t r a f f i c -  
s enso r   e r ro r s  on t h e   a b i l i t y  of a p i l o t   t o  perform  an  in-trail   spacing  task.  The 
tests were  conducted i n  a fixed-based  cockpit   simulator  configured  as a cur ren t -  
generat ion  t ransport  a i rcraf t  wi th   an   e lec t ronic   t ra f f ic   d i sp lay   p rovided   in   the  
weather-radarscope  location  (fig.  1 ) .  me t r u e   p o s i t i o n s   o f   t h e   t r a f f i c  were per- 
turbed  in  both  range and  azimuth by  random e r ro r s   t o   s imu la t e   t r a f f i c - senso r   no i se  
associated  with an  onboard  sensor. Range noise   errors   (with  s tandard-deviat ion 
values  of up t o  0.3 n.mi.1 and  azimuth  noise errors (with  standard-deviation  values 
up t o  8 O )  were evaluated. 

The primary p i l o t   t a s k   f o r   t h i s   s t u d y  was to  achieve  and  maintain  specified 
spacing  intervals  behind a cockpit-displayed  lead a i rc raf t  while  conducting a simu- 
lated approach. Two p i l o t s  each  flew 54 approaches i n t o  a simulated  Denver-Stapleton 
environment  (fig. 2) w i th   va ry ing   e r ro r   l eve l s   p re sen t   i n   t he   t r a f f i c   d i sp l ay .  Data 
were taken i n  the  form of q u a n t i t a t i v e  performance  measures as   wel l  as subjec t ive  
p i l o t   r a t i n g s  and comments. 

RESEARCH SYSTEM 

Simulator  Description 

This  study was conducted u t i l i z i n g  a fixed-base  cockpit  simulator  configured as 
a conventional,  two-engine j e t   t r a n s p o r t   a i r c r a f t   ( f i g .  1 ) .  The f o u r   t h r o t t l e  con- 
t r o l s   p r e s e n t  i n  the   cockpi t  were mechanical ly   pinned  together   in   pairs   to   represent  
the two-engine configurat ion.  The a i r c r a f t  dynamics  modeled for   the  s imulat ion were 
those of a Boeing 737. Nonlinear  aerodynamic  data  and  atmospheric  effects were 
included  in   the  s imulat ion model. The hos t  computer for   the   s imula t ion  w a s  a Control 
Data CYBER 175  system, which contained  the  aircraft   dynamics,   navigation, and f l i g h t  
director  algorithms.  Conventional  navigation  instruments,  which included  horizontal  
s i t u a t i o n   i n d i c a t o r s ,   f l i g h t   d i r e c t o r ,  and distance  measuring  equipment (DME),  were 
provided in   the  cockpi t .   Fl ight   inst rumentat ion  consis ted  of   s tandard  instruments  
requi red   for  manual f l i g h t   c o n t r o l ;  however, no au topi lo t   o r   au tomat ic   f l igh t   cont ro l  
systems were provided t o   t h e   p i l o t .  In addi t ion ,  no at tempt  w a s  made to   dup l i ca t e  
any spec i f i c   a i r c ra f t   cockp i t   con f igu ra t ion   o r   con t ro l - fo rce   f ee l   cha rac t e r i s t i c s .  

Traffic  Generation Scheme 

The d i s p l a y e d   t r a f f i c  w a s  generated from data  previously  recorded  using  the 
Langley Real-Time Simulation System. S p e c i f i c a l l y ,   t h e   t r a f f i c   d a t a  were c rea ted  by 
using a p i lo t ed   s imula t ion   capab i l i t y  wherein f l i g h t s  were made along  each of the  
routes   that   corresponded  to   the  a i rway  s t ructure   prescr ibed by the   t e s t   s cena r ios .  
These i n d i v i d u a l   f l i g h t s  were recorded and then merged i n t o  a set  of d a t a   t h a t  was 
pos i t ion  and time co r re l a t ed .  The output of these merged da ta  was the   representa t ion  
of numerous a i rp l anes   fo l lowing   s eve ra l   f l i gh t   pa ths .  This t ra f f ic -genera t ion   tech-  
nique was developed for   use   in   the   s tudy   descr ibed   in   re fe rence  3. A descr ip t ion  of 
t h e   a c t u a l   t r a f f i c   s c e n a r i o s  used i n  t h i s   s tudy  is contained i n  the  section of t h i s  
repor t   en t i t l ed   "Traf f ic   Prof i les . "  
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EXPERIMENT D E S I G N  

CDTI Display 

The display  used as the  CDTI fo r   t h i s   s tudy  was a monochrome cathode-ray  tube 
(CRT) located  behind  the  thrott le  quadrant  as shown i n  f igure  1. This loca t ion  
corresponds  to  the  normal  location  for a weather-radar  display on most conventionally 
equipped t r a n s p o r t   a i r c r a f t .  Although the  CRT measured 10 in .   across   the  diagonal ,  
an opaque mask w a s  used t o  reduce  the  display  s ize   to  5 i n .  high by 4 in .  wide, which 
is a more r ep resen ta t ive   s i ze   fo r  a standard  weather-radar  display. 

The display  format   used  in   this   s tudy i s  i l l u s t r a t e d   i n   f i g u r e s  3 and 4. The 
own-ship symbol represent ing   the   loca t ion  of own-aircraft was centered   hor izonta l ly  
and w a s  o f f se t   ve r t i ca l ly   one - th i rd  up from the  bottom. Map information  provided on 
the  display gave rou te   s t ruc tu re  and  waypoints for  the  instrument  landing  system 
(ILS)  approach t o  runway 35R. The d isp lay  was or ien ted   " t rack  up" with  apparent con- 
tinuous movement of the map information  about  the  f ixed own-ship  symbol. Six map 
scales ,   ranging from 1.0 t o  32.0 n.mi./in., were ava i l ab le   t o ,  and con t ro l l ab le  by, 
the test subjec ts .  

A s t ra ight- l ine  vector   extended from the  own-ship  symbol pro jec t ing  a sca led  
dis tance of 5 n.mi. direct ly   ahead.  Range a rc s  were displayed on the  vector a t  
scaled  ranges of 3 n.mi. and 5 n.mi., which were the  prescr ibed  spacing  intervals   for  
t h e   t e s t .  

T r a f f i c   a i r c r a f t  were displayed on the  CDTI re fe renced   to   the  map display.  
Unlike  the map, however, t h e   t r a f f i c   d a t a  were not  updated  continuously  but a t  4-sec 
in t e rva l s .  Between updates ,   the   t ra f f ic  symboloqy would remain  f ixed  to  the moving 
map and then jump t o  i t s  new pos i t i on   a t   t he   upda te .  

The t r a f f i c  symbology was obtained from reference 4 and was the same a s   i n   r e f -  
erence 5. Figure 5 i l l u s t r a t e s  the symbology  and the  information  provided  the  pilot  
conce rn ing   t he   a i r c ra f t   t r a f f i c .   A i rc ra f t   w i th in  k500-fk a l t i t u d e  were considered 
"a t "  own-ship a l t i t u d e .  The trend  vector on t h e   t r a f f i c   i n d i c a t e d  where t h e   t r a f f i c  
would move i n  60 s e c   a t  i t s  cu r ren t  groundspeed  and  heading. The past-posi t ion  dots  
showed where t h e   t r a f f i c  had  been, r e l a t i v e  to  the  map,  on the  previous  three  posi-  
tion  updates. The alphanumeric   data   tags   provided  ident i f icat ion,   absolute   a l t i tude,  
and groundspeed  information  for   the  t raff ic   ( f ig .  5). The t rend  vectors ,   past-  
pos i t i on   do t s ,  and data   tags  w e r e  independent ly   selectable  by t h e   t e s t   s u b j e c t   a t  any 
time  during a run.  Selection of a d i sp lay   op t ion   resu l ted   in   tha t   op t ion   appear ing  
f o r  a l l  t he   d i sp l ayed   t r a f f i c .  The alphanumeric  characters and the  symbols  were  of 
constant  size,   independent of map sca l e .  

Sensor  Noise Model 

For the  purposes of th i s   s tudy ,   sensor   no ise  is defined as the  random inaccura- 
cies i n   t h e  measurement  of t he   ho r i zon ta l   l oca t ion  of a i r c r a f t   t r a f f i c .  This 
measurement is assumed t o  be  performed by  some type of t r a f f i c   s enso r   l oca t ed  onboard 
the   a i rc raf t .   Ai rborne   radars  and ac t ive  or passive  coll ision  avoidance  systems  with 
d i r e c t i o n a l   c a p a b i l i t y   a r e  examples  of a i rbo rne   t r a f f i c   s enso r s .  

The measured t r a f f i c   l o c a t i o n   c o n s i s t s  of a d is tance  component of range  and a 
d i r e c t i o n a l  component of bearing. These  components are measured separa te ly  and  have 
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essent ia l ly   independent   e r rors   assoc ia ted  w i t ?  t h e m .  Figure 6 i l l u s t r a t e s   t h e  geom- 
e t r y  of range  and  bearing measurements of t ra ' f f ic   loca t ion   wi th   e r rors   in   bo th   range  
and  bearing. The e r r o r s  are assumed t o  be  ,normally distributed,  high-frequency  ran- 
dom noise.  Actual measurement  of the   loca t ion  of a p a r t i c u l a r   a i r c r a f t   o c c u r s  a t  
d i s c r e t e   i n t e r v a l s .  Depending  on the   pa r t i cu la r   t r a f f i c   s enso r ,   t he   l eng th  of time 
between ac tua l  measurements is qu i t e   va r i ab le .  For the  purposes of th i s   s tudy ,   the  
measurement i n t e r v a l  w a s  chosen t o  be 4 sec, which is the  approximate  interrogation 
rate of terminal-area  secondary  surveillance  radars. 

The sensor  noise model implemented in   t h i s   s tudy   func t ioned  as follows. The 
standard-deviation  values  for  both  range and bearing components  of sensor  noise w e r e  
predefined a t  the  start  of  each  simulated  approach.  Using  these  standard-deviation 
values,   the components of range  and  bearing  error were c a l c u l a t e d   a t  I - sec   in te rva ls  
by a random number generation  routine.  These e r r o r  components were  sampled every 
4 sec and added to   the   ac tua l   range  and bearing  values  for  each of t h e   a i r c r a f t .  
This  technique  produced  an  apparent  low-frequency random e r r o r  i n  t he   t r a f f i c   l oca -  
t ion  presented on the   cockpi t   t ra f f ic   d i sp lay   wi th   s tandard   devia t ions   equal   to   the  
preselected  values  of sensor  noise. 

T ra f f i c   P ro f i l e s  

The t r a f f i c   s c e n a r i o   u t i l i z e d   i n  this study w a s  t aken   d i rec t ly  from reference 5. 
The scenar io   conta ined   a i rc raf t   tha t  were landing,  departing, and f lying  over   the 
Denver terminal   area.  The f l i g h t   p a t h s  of the background t ra f f ic   s imula ted  pub- 
l ished  instrument  procedures and hypothetical   radar  vectoring  for  take-off and land- 
i n g ,   u t i l i z i n g  runways 35L ( l e f t )  and 35R ( r i g h t )   i n  a para l le l ,   bu t   no t  s imul ta -  
neous,   operational manner. 

Three new a i r c r a f t   p r o f i l e s  were genera ted   for   th i s   s tudy   to  be used as s u b s t i -  
t u t e s  fo r   t he   l ead   a i r c ra f t  from reference 5. The i n i t i a l   c o n d i t i o n s   f o r   e a c h  of 
t h e s e   a i r c r a f t  were the  same. The i n i t i a l   p o s i t i o n  was a t   t h e  Kiowa VORTAC (IOC), 
with a heading of 253O, an ind ica ted   a i r speed  of 250 knots ,  and  an a l t i t u d e  of 
1 4  000 f t .  Each a i r c ra f t   f l ew   the  same published  approach  to runway 35R ( f i g .  2 ) ;  
however, there  were s ign i f i can t   d i f f e rences   i n   t he   speed   p ro f i l e s  of t he   t h ree   a i r -  
c r a f t .  The speed  prof i les   as  a funct ion of d i s t a n c e   t o  runway threshold   a re  shown i n  
f igure  7. On the  base  leg of the  approach,   a i rcraf t  1 maintained a f a i r l y   c o n s t a n t  
ind ica ted   a i r speed  of 250 knots.   Aircraft  2 and a i r c r a f t  3 flew a t   i n d i c a t e d   a i r -  
speeds of approximately 240 and 260 knots ,   respect ively.  These a i r speed   var ia t ions  
represent   the  kIO-knot tolerance which could accompany an ATC ins t ruc ted   a i r speed  of 
250 knots .   Af te r   the   tu rn   to   f ina l ,   the   th ree   a i rc raf t   fo l lowed  d i f fe ren t   dece lera-  
t i on   pa t t e rns ,   a r r iv ing  a t  t h e   f i n a l  approach  speed  of  130  knots a t  approximately  the 
same locat ion on the  approach  path. The three   dece lera t ion   pa t te rns  were considered 
su i tab le   for   a i r l ine   opera t ions   wi th   f lap  and gear   extensions  within  appropriate  
speed limits, and accomplished  without  the  use of speed  brakes. The i n i t i a l   p o s i t i o n  
of  own-ship was 7 n.mi. beh ind   t he   l ead   a i r c ra f t   a t   t he  same heading and a l t i t u d e  
with an indicated  a i rspeed of 290 knots.  The t r a f f i c   i d e n t i f i e r   f o r   t h e   l e a d   a i r -  
c r a f t  was the  same f o r   a l l   c o n d i t i o n s ,  and the  test sub jec t s  were not  informed  of  the 
var ia t ions   in   speed   prof i les   o r   the  number of l ead   a i r c ra f t   be ing  used in   the   s tudy .  

Task Description 

The bas i c   p i lo t ing   t a sk   i n   t h i s   s tudy  w a s  a manual instrument  approach i n  a 
terminal-area  environment  utilizing  conventional  navigation  information.  Addition- 
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The descr ip t ion  of i n i t i a l   c o n d i t i o n s ,   p i l o t i n g   t a s k ,  and  performance  variables 
t o  be measured were given  the test s u b j e c t s   p r i o r   t o   p a r t i c i p a t i n g   i n   t h e  test. (See 
the  appendix.) The tes t  subjec ts  were f u r t h e r   i n s t r u c t e d   t o   f l y   t h e   s i m u l a t o r   i n  a 
manner they deemed acceptab le   for   a i r l ine- type   opera t ions  and t o  avoid  radical maneu- 
vers.  Resides  being NASA r e sea rch   p i lo t s ,   t he  test  sub jec t s  had at tended an a i r l i n e  
t ra ining  school  and w e r e  experienced  in   f lying  the Boeing 737 a i r c r a f t .  

As descr ibed  previously,   the   s imulator   used  for   this   s tudy was a fixed-base 
partial-workload  cockpit. It w a s ,  therefore ,   imposs ib le   to   s imula te   the   fu l l -  
workload  environment  associated  with  "real-world"  operations.  Previous  experience 
had ind ica t ed   t ha t   u t i l i z ing   t he   s t anda rd  two-man crew in   par t - task   s imula t ions  of 
t h i s   n a t u r e   r e s u l t e d   i n   u n r e a l i s t i c a l l y  low workload l eve l s .  For this  reason,  each 
test  s u b j e c t   i n   t h i s   s t u d y  w a s  r equ i r ed   t o   func t ion   e s sen t i a l ly  as a s i n g l e   p i l o t  
performing a l l  decision-making  functions and traffic-display  monitoring  while  exer- 
c i s i n g   t o t a l  manual con t ro l  of the   s imula ted   a i rc raf t .  The only  tasks  not  required 
of t h e   t e s t   s u b j e c t s  were  manual operat ion of landing  gear and f laps ,   tun ing  
of radios  to  proper  navigation  frequencies,  and changes i n   t r a f f i c   d i s p l a y   f o r m a t s .  
These funct ions were  performed by the   t e s t   eng inee r   a t   ve rba l   r eques t s  of t he   sub jec t  
p i   l o t .  

I t  should be no ted   t ha t   t he   p i lo t s  were i n s t r u c t e d   t o   " f l y "   t h e   f l i g h t   d i r e c t o r  
r o l l  and p i tch  command bars as precisely  as   possible   throughout  each  approach. This 
was done t o   f u r t h e r  l i m i t  the  amount of t ime  the  pi lots  had to   focus  on t h e   t r a f f i c  
d i sp lay  which was located  outside  the  primary  instrument  scan  area.  

Test  Conditions 

A t o t a l  of 18 unique  combinations of t e s t   v a r i a b l e s  were devised   for   th i s   s tudy .  
Two NASA r e sea rch   p i lo t s   f l y ing  3 r ep l i ca t ions  of each t e s t   cond i t ion   r e su l t ed  i n  a 
t o t a l  of 108 simulator  runs.  Table I presents   the  matr ix  of t e s t   cond i t ions  used f o r  
both t e s t   s u b j e c t s .  The test-sequence number given i n  t he   t ab l e   i nd ica t e s   t he   o rde r  
i n  which the  runs were made. This  order was randomized  with  respect  to  the  sensor 
noise   l eve l  and t r a f f i c  set used fo r   t he   l ead   a i r c ra f t .  The en t i r e   ma t r ix  of  18 t e s t  
conditions was completed p r i o r   t o  any r ep l i ca t ions .  

Three independent  variables of  secondary i n t e r e s t  were the  provis ion of t r a f f i c  
groundspeed   da ta   t ags ,   the   t ra f f ic   p rof i le   used   as   l ead   a i rc raf t ,  and t h e   p i l o t .  
The t e s t   m a t r i x  w a s  set  up  such t h a t  a subset  could be  used i n  a 2 X 2 x 2 f u l l   f a c -  
t o r i a l   a n a l y s i s  of variance on these  three  var iables .  The condi t ions  used  for   this  
ana lys i s  are i n d i c a t e d   i n   t a b l e  I and d e t a i l e d   i n   t a b l e  11. The addi t iona l   l ead-  
a i r c r a f t   t r a f f i c   p r o f i l e   ( t r a f f i c   s e t  l ) ,  which w a s  no t   used   in   the   ana lys i s  of var i -  
ance, was inc luded   in   the   s tudy   to   he lp  minimize p i l o t   a n t i c i p a t i o n  of l ead -a i r c ra f t  
speed  changes. 
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Data obtained  during  the  study  consisted of qua l i t a t ive   op in ion  i n  the form  of 
a p i lo t   ques t ionna i r e  as w e l l  as quantitative  performance  measures. The approach 
ground t rack flown by the   s imu la t ed   a i r c ra f t  w a s  d iv ided   i n to  segments and gates as 
i l l u s t r a t e d  i n  f igure  8. Essent ia l ly ,   the   gates   indicated on the  figure  correspond 
to   t he   l oca t ions  on the  approach  path where t h e   p i l o t s  were i n s t r u c t e d  to   achieve  or  
maintain a specif ic   spacing  condi t ion.  

RESULTS AND DISCUSSION 

Effects  of Sensor  Noise 

Spacing  performance.- The horizontal   spacing between  own-aircraft and lead- 
a i r c r a f t  w a s  recorded  throughout  each  data  run. The spacing  values a t  each of the 
f ive   ga tes  were used as  performance  measures to   eva lua te   t he   e f f ec t  of increasing 
sensor  noise  levels on p i l o t   a b i l i t y   t o   e s t a b l i s h  and maintain a specified  separa- 
t ion  dis tance.  The hypothesis  prior  to  undertaking  the  simulation was that   increas-  
ing  noise  levels i n  the   d i sp layed   t ra f f ic   pos i t ion  would degrade  the  pilot   spacing 
performance t o  a noticeable  degree. The noise component i n  the  longi tudinal   ( range)  
d i rec t ion  w a s  considered  to be the most c r i t i c a l   f o r   t h e  i n - t r a i l  spacing  task. 

Figures 9 t o  1 3  present  the  spacing  performance  achieved by t h e   t e s t   s u b j e c t s   a t  
each of the  five  gates  along  the  approach  path. I n  p a r t   ( a )  of each f i g u r e ,   a i r c r a f t  
separat ion i s  plotted  versus  azimuth  noise  with no range  noise  for  target 1 ;  i n  
p a r t  ( b ) ,  a i r c r a f t   s e p a r a t i o n  i s  plotted  versus  range  noise  with l o  azimuth  noise f o r  
t a r g e t  2; i n  p a r t   ( c )  , a i r c r a f t   s e p a r a t i o n  is plotted  versus  range  noise  with 3O 
azimuth  noise  for  target 3. These data are  presented i n  t h i s  manner t o   i s o l a t e  t h e  
e f f e c t s  of the  range and azimuth  noise components on spacing  performance. However, 
t h i s  test design d i d  not   a l low  for  a comparison of t r a f f i c   t y p e s .  The data   points  on 
the  f igures  represent  the  average of the  spacing  values from s i x  data runs (two 
p i lo t s   wi th   th ree   rep l ica t ions) .  The dispersion i n  the  spacing  performance a t  each 
data   point  i s  represented by the l o  standard-deviation  bars shown i n  f igures  9 
t o  13. Also  included on the   p lo ts  is a dashed l ine  representing  the  spacing which 
the   t e s t   sub jec t s  were instructed  to   achieve  or   maintain  a t   that   locat ion on the  
approach  path. Note t h a t  no spacing was spec i f ied   for   ga te  3 and no reference  l ine 
is presented on the   da ta   p lo ts   for   tha t   ga te   ( f ig .  1 1  1. 

A s  can be seen i n  f i g u r e s   9 ( a )   t o   1 3 ( a ) ,   t h e   p l o t s  of spacing  versus  azimuth 
noise a t  a l l  the  data  gates  reveal  nearly  constant mean spacing  values  with  increas- 
ing  azimuth  noise  for a p a r t i c u l a r   p l o t .  I n  addition,  the  dispersion  about  the  data 
points is  also  fa i r ly   constant   with  increasing  azimuth  noise .  These r e su l t s   i nd ica t e  
that   sensor   noise  i n  t h e  azimuthal  direction had n e g l i g i b l e   e f f e c t  on the  spacing 
performance  achieved by the   t es t   subjec ts   dur ing   the  i n - t r a i l  following  task. This 
is  not  surprisinq  since  spacing is  a longi tudinal   task,  and the   t e s t   sub jec t s  were 
provided  with  spacing  arcs on the   t r a f f i c   d i sp l ay   t o  compensate for   azimuthal   offsets  
as grea t   as  15O. 

The data  presented i n  pa r t s  ( b )  and ( c )  of f igures  9 t o  13  ind ica te  no c l e a r  
trend i n  spacing  performance  as a function of the  range component of sensor  noise. 
I n  general,  the mean and standard-deviation  spacing  values show negligible  degrada- 
t ion  i n  spacing  performance  with  increasing  levels of range  noise. This r e s u l t  is  
contrary  to   the  subject ive  pi lot   opinion  concerning  the  effects  of sensor  noise  as 
obtained i n  the form  of p i l o t   r a t i n g s .  Following  each  simulated  approach,  the t e s t  
subjec ts  were asked t o   r a t e   t h e   e f f e c t  of display  noise  on their  spacing  performance 



during the run. The r e s u l t s  of this r a t i n g   ( f i g .  1 4 )  i nd ica t ed  a cons is ten t   t rend  of 
increas ing   e f fec t   wi th   increas ing   no ise   l eve l ,   wi th   the   g rea tes t   e f fec t   cor responding  
t o  the   h ighes t   l eve l  of  range  noise. Despite these   ra t ings ,   the   spac ing   da ta   ind i -  
ca t e  no trend  in  spacing  performance as a function of range  noise. The most reason- 
able   explanat ion  for   this   apparent   discrepancy i s  the  spacing  accuracy  which'the 
p i l o t s  were t ry ing   t o   ach ieve .   P i lo t  comments ind ica t ed   t ha t  when they were within 
approximately 0.25 n.mi. of the  desired  spacing  they would minimize t h e   e f f o r t   t o  
improve the  spacing. The relatively  long  t ime  period  required  to change  spacing  and 
t h e   i n c r e a s e d   p i l o t  workload  associated  with  "fine-tuning"  the  spacing  interval were 
c i t e d  as f ac to r s   con t r ibu t ing  t o  th i s   t o l e rance   l eve l   i n   t he   spac ing   e r ro r .  This 
spac ing-er ror   to le rance   resu l ted   in   g rea te r   spac ing   e r rors  a t  t he  low sensor  noise 
levels   than would have  been poss ib le  had t h e   p i l o t s   s t r i v e d   f o r  more accurate   perfor-  
mance. It is  poss ib l e   t ha t   t he   spac ing   da t a  would have  indicated a t rend of  degraded 
spacing  performance  with  increasing  range  noise  if   the  pilots had  been i n s t r u c t e d   t o  
reduce  their   spacing  tolerance.  It is s i g n i f i c a n t   t o   n o t e ,  however, t h a t  a tolerance 
on spacing is  h ighly   des i rab le  from a workload s tandpoin t   as  w e l l  a s   t o  dampen possi-  
b l e   cha in   i n s t ab i l i t i e s   fo r   mu l t ip l e   i n - t r a i l   f o l lowing   cond i t ions .  It would, there- 
fore,   appear  that   actual  spacing  performance,  given a modest  spacing  tolerance, is  
e s sen t i a l ly   una f fec t ed  by range  noise  levels up t o   t h e  maximum te s t ed   i n   t h i s   s tudy .  

F l igh t   d i r ec to r   t r ack ing  performance.-  Deviation of t h e   f l i g h t   d i r e c t o r  command 
ba r s  from the   cen tered   loca t ion  w a s  recorded a t  1-sec in te rva ls   dur ing  two segments 
of the approach. The f i r s t  segment  extended  along  the  base  leg of the  approach. 
During t h i s  segment, the  navigat ion  radio was tuned t o   t h e  Kiowa VORTAC, and t h e   r o l l  
command deviat ion on t h e   f l i g h t   d i r e c t o r  was recorded. The second  segment  extended 
f o r  10 n.mi. on f i n a l  approach,  with  both r o l l  and p i t c h  command deviat ions on the  
f l igh t   d i rec tor   be ing   recorded .  The  command deviation  data  during  segments  were 
analyzed to   ob ta in  a mean and s tandard-deviat ion  value  for   each  run  for   both  the  rol l  
and p i t ch  command basis.  Since  both  the mean and standard-deviation  values  are  indi-  
ca t ions  of f l i g h t   d i r e c t o r  command-bar tracking  performance,  the  absolute  value of 
the mean w a s  added to   the   s tandard   devia t ion   to   ob ta in  a s i n g l e  number, r e f e r r e d   t o  
here  as  simply command-bar deviat ion,   to   quant i fy   the  performance of a t e s t   s u b j e c t  
during a par t icular   run.  The smaller  the command-bar-deviation  value,  therefore,  the 
more accurate  was the  command-bar tracking  performance  achieved by t h e   t e s t   s u b j e c t .  
This method of quant i fying command-bar tracking  performance was chosen s ince  it 
provides a n  equal   weight ing  to   both  offsets   in  command-bar pos i t ion   as   wel l   as   the  
s tandard  deviat ion of command-bar e r r o r s .  I t  should  be  noted  that  these  data  are  not 
normally  dis t r ibuted.   Standard  analysis   techniques  ( t - tes t ,   analysis  of variance,  
e t c .  ) may not be appl icable .  

Figures 15 and 1 6  p r e s e n t   t h e   r o l l  and pitch  tracking  performance as a funct ion 
of azimuth and range  sensor  noise. Once again,   each  data  point  represents  the  aver- 
age of s ix   runs  with  the  dispers ion  represented by the l a  s tandard  deviat ion  bars .  
The dashed l i n e  on each p lo t   represents   the   average   f l igh t   d i rec tor   t rack ing   per for -  
mance t h a t   t h e   t e s t   s u b j e c t s  w e r e  able   to   achieve when they  f lew  the  ident ical  
approach  without  the  addition of the  CDTI  se l f - separa t ion   task .  As can  be  seen,  the 
addi t ion  of the  CDTI task  degraded  the  f l ight   di rector   t racking  performance of t he  
t e s t   s u b j e c t s .  The addi t ion  of s enso r   no i se   t o   t r a f f i c   d i sp l ay ,  however, did  not  
further  degrade  the  tracking  performance as might  have  been  expected. P i l o t   r a t i n g s  
of t h e   e f f e c t  of sensor  noise on f l igh t   d i rec tor   t rack ing   per formance   ( f ig .  17 )  ind i -  
c a t e  a s l i g h t   e f f e c t  of the  sensor   noise;  however, p i l o t  comments confirmed t h a t   t h e  
addi t ion  of the  CDTI spacing  task was the  major  workload  increase  and  accounted  for 
the  bulk of the  tracking  performance  degradation. It would appear  that  any increase  
i n  workload  caused by the   increase   in   sensor   no ise   l eve l  is minor i n  comparison  with 
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the   addi t ion  of the  CDTI s e l f - s e p a r a t i o n   t a s k   i t s e l f .   P i l o t  comments i n d i c a t e d   t h a t  
mental  workload  and  confusion were very much a f f ec t ed  by the  display  noise   level   even 
though it was n o t   n e c e s s a r i l y   r e f l e c t e d   i n   t h e   f l i g h t   d i r e c t o r   t r a c k i n g   p e r f o r m a n c e .  

Pilot   acceptance.-  A subject ive  evaluat ion of acceptab le   l eve ls  of displayed 
sensor   noise  was obtained  through  pi lot  comments and r a t ings .  A t  the  conclusion of 
each  simulated  approach,  the  test   subjects were asked to  rate the   l eve l  of noise   they 
de tec ted   in   the   t ra f f ic   d i sp lay   us ing   the   fo l lowing  scale: 

P i l o t   r a t i n g  Noise l e v e l  

1 None 
2 

Extreme 5 
Heavy 4 
Moderate 3 
Sma 11 

I 

The p i l o t s  were given no guide l ines   as   to   the  maximum l e v e l s  of noise  they would 
encounter;  however,  they were in s t ruc t ed   t o   a s s ign  a noise- leve l   ra t ing  which they 
considered  to be the maximum acceptable  noise  they would to l e ra t e   fo r   ope ra t iona l   u se  
of the  CDTI.  A t  the  conclusion of the  tests, one of the   p i lo t s   chose   r a t ing  2 (small  
amount of noise) ,   whi le   the  other   pi lot   chose  ra t ing 3 (moderate  noise)  as  the maxi- 
mum to le rab le   no ise   l eve l .  

The rat ings  ass igned by both   p i lo t s   for  a l l  runs a t   t h e  same actual   sensor   noise  
l eve l  were averaged and are presented on a p l o t  of azimuth  noise  versus  range  noise 
i n   f i g u r e  18. The p i l o t s  had no t roub le   de t ec t ing   t he   r e l a t ive  magnitudes  of  the 
display  noise ,   as  i s  evident  by increasing  t rend  in   the  ra t ings  with  increasing  noise  
l eve l .  ?he region marked " sa t i s f ac to ry"  on f igu re  18 represents   the  sensor   noise  
l eve l s  which received an  average  rating  equal  to or l e s s   t han   t he   r a t ing   t he   p i lo t s  
had  assigned  as  the maximum acceptable   noise   level   (an  average of 2.5 for  both 
p i l o t s ) .  The region marked "unsa t i s fac tory"   represents   the   no ise   l eve ls   tha t  
received  ra t ings  in   excess  of the  maximum acceptab le   ra t ing .  

Both pi lots   agreed  that   despi te   the  unfavorable   ra t ings,  even the   h ighes t   no ise  
leve ls   t es ted   d id   no t   p revent  them from accomplishing  the  in-trail   spacing  task.  The 
primary  objection  to  the  higher  noise  levels was the  increased  mental  workload  asso- 
c ia ted  with  visual ly   averaging  the mean pos i t ion  of t h e   t a r g e t   a i r c r a f t   o v e r   s e v e r a l  
posit ion  updates.  The unsat isfactory  ra t ings  given  the  higher   noise   levels   indicated 
t h e   p i l o t s   f e l t   t h a t  such l eve l s  of display  noise  required  an  unacceptable amount  of 
e f f o r t  on the   pa r t  of t h e   p i l o t   t o   d i s c e r n   t h e   c o r r e c t   p o s i t i o n  of t h e   t r a f f i c .  The 
r a t ings  were l imi t ed   t o   t he   i n - t r a i l   spac ing   t a sk ,  and  both p i l o t s   i n d i c a t e d   t h a t  
other  tasks  might w e l l  have higher or lower threshold   l eve ls  of maximum acceptable  
display  noise.  

Ef fec ts  of  Groundspeed Display and Tra f f i c   P ro f i l e s  

The e f f e c t s  on  mean spacing  performance of different   lead  a i rcraf t   speed  pro-  
f i l e s ,   d i f f e r e n t   p i l o t s ,  and the   d i sp lay  of groundspeed  information were evaluated 
using an ana lys i s -of -var iance   t es t   for   s ign i f icance  a t  each  of  the  data  gates  along 
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t h e  approach ( r e f .  6 ) .  ?he da ta  from 8 of the 18 test conditions  provided a 
2 X 2 x 2 fu l l - fac tor ia l   mat r ix   wi th  6 r ep l i ca t ions   a s   i nd ica t ed   i n   t ab l e  11. It 
should be no ted   t ha t   t e s t   cond i t ions  used in   th i s   mat r ix   conta ined   sensor   no ise  
e r r o r s  which are not  included as f a c t o r s   i n   t h e   a n a l y s i s  of variance. The pooling 
of da ta   incorpora t ing   d i f fe ren t   sensor   no ise   l eve ls  is f e l t   t o  be j u s t i f i e d ,   s i n c e  
sensor  noise w a s  found to  have a n e g l i g i b l e   e f f e c t  on spacing  performance i n   t h e  
previous  analysis .   In   addi t ion,   the   l imited number of p i l o t s  and t r a f f i c   p r o f i l e s  
used i n   t h i s   s t u d y  do not   permit  a r igorous  analysis  of t he   e f f ec t s  of t hese   f ac to r s  
on spacing  performance. The r e s u l t s  from the cur ren t   s tudy  must, therefore ,  be 
viewed as providing  trends and insight   into  the  importance of t he   va r i ab le s   i n  con- 
duct ing CDTI self-spacing  experiments, and care must  be taken   in   ex t rapola t ing   these  
r e s u l t s   t o  more general   condi t ions.  

Table I11 presents   the  computed F-values fo r   t he   ana lys i s -o f -va r i ance   t e s t s   a t  
each of the   f ive   da ta   ga tes .  The r e s u l t s   i n  terms of s i g n i f i c a n t   f a c t o r s  a t  each 
gate   are   presented  as   fol lows:  

Factor ( a t  leas t   5 -percent   s ign i f icance   l eve l )  

P i  l o t  
T r a f f i c   s e t  
Groundspeed tag  and t r a f f i c   s e t   i n t e r a c t i o n  

P i  l o t  

Groundspeed t ag  

P i   l o t  
P i l o t  and  groundspeed t a g   i n t e r a c t i o n  
P i l o t  and t r a f f i c   s e t   i n t e r a c t i o n  

. .~ 

- ~ . ." 

P i  l o t  
Groundspeed t ag  
P i l o t  and  groundspeed t ag   i n t e rac t ion  
P i l o t  and t r a f f i c   s e t   i n t e r a c t i o n  

As might  have  been  expected,  the  factor which consis tent ly   appears  as having a 
s i g n i f i c a n t   e f f e c t  on the  spacing  performance is t h e   p i l o t .  The manual nature  of the  
se l f - spac ing   t a sk   i n   t h i s   s tudy   p l aces  a high demand  on t h e   p i l o t ,  and t h e   r e s u l t i n g  
spacing  performance is, therefore ,   p i lo t   dependent   to  a g rea t   ex t en t .  The s i g n i f i -  
cance of t h i s   r e s u l t   s h o u l d   n o t  be  minimized. The values of the  spacing  performance 
achieved by the  test s u b j e c t s   i n   t h i s   s t u d y ,   o r  any s tudy  involving a small sample of 
tes t  subjects ,   should  not  be used t o  ex t rapola te  t o  absolute  performance of the  gen- 
eral   populat ion of p i l o t s .  Care must be observed i n  selecting  an  adequate,  random 
group of test s u b j e c t s   i f  such  extrapolation is desired.  

The t r a f f i c   s e t   f a c t o r  is seen  to  have a s i g n i f i c a n t   e f f e c t  on spacing  perfor-  
mance a t   g a t e  1. In   f igure  7, the   speed  prof i les  of the  t w o  t a r g e t   a i r c r a f t  used i n  
the   ana lys i s  of va r i ance   ( t a rge t s  2 and 3) are   seen to  be  approximately 20 knots  
d i f f e ren t   du r ing   t he  base leg  of the  approach. A t  ga te  1,  where the  test sub jec t s  
were t o   i n i t i a l l y   e s t a b l i s h  a 5-n.mi. spac ing ,   th i s   d i f fe rence   in   speed  between the  
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two t a r g e t   a i r c r a f t   h a s  a s i g n i f i c a n t   e f f e c t  on t h e   a b i l i t y  of t h e   t e s t   s u b j e c t s   t o  
achieve  the  desired  spacing. A t  ga te  2, where the tes t  sub jec t s  were to  maintain  the 
5-mile spacing  achieved a t  ga te  1 ,  there  is l i t t l e  e f f e c t  of t h e   d i f f e r e n t   t a r g e t  
speed  prof i les  on the  pilot   spacing  performance. On f i n a l  approach, where the  speed 
p r o f i l e s  of the  two t a r g e t   a i r c r a f t   e x h i b i t   o n l y  minor d i f fe rences ,   the   on ly   s ign i f i -  
c a n t   t r a f f i c  set e f fec t   no ted  a t  gates  4 and 5 is p i l o t  and t r a f f i c   s e t   i n t e r a c t i o n .  
These r e su l t s   i nd ica t e   t ha t   d i f f e rences   i n   l ead -a i r c ra f t   speed   p ro f i l e s  can s i g n i f i -  
cantly  influence  self-spacing  performance,  depending on t h e   t a c t i c a l   n a t u r e  of t he  
se l f - spac ing   task ,   the  amount of time avai lable   to   accomplish the task ,  and individ-  
u a l   p i l o t   r e s p o n s e   t o   v a r i a t i o n s   i n   t r a f f i c  speed p r o f i l e s .  While these   r e su l t s  are 
f a r  from conclusive,   they do p o i n t   o u t   t h e   n e c e s s i t y   t o   i n c l u d e   t h e   t r a f f i c  mix and 
speed p r o f i l e   v a r i a t i o n s  when evaluat ing CDTI se l f -spacing  tasks .  

Providing  the  pilots  with  groundspeed  information is a l so   s een   t o  be a s i g n i f i -  
can t   f ac to r  a t  s eve ra l  of the  data   gates .  A t  ga te  1,  where there  is a s i g n i f i c a n t  
t r a f f i c  set  e f f e c t ,   t h e r e  is a l s o  a s i g n i f i c a n t   t r a f f i c  se t  and  groundspeed in t e rac -  
t ion .  On f i n a l  approach, a t  gates 4 and 5, groundspeed  and/or pi lot  and groundspeed 
i n t e r a c t i o n  is a s i g n i f i c a n t   f a c t o r .  Of p a r t i c u l a r   i n t e r e s t  is gate  3, where 
groundspeed is the   on ly   s ign i f icant   fac tor   to   a f fec t   spac ing   per formance .  A t  t h i s  
ga te ,   the  test  sub jec t s  had no spac ing   in te rva l   spec i f ied   bu t  were in   the  process  
of closing  the  spacing from 5 n.mi. t o  3 n.mi. P i l o t  comments indicated  that   wi th-  
ou t  groundspeed  information on t h e   l e a d   a i r c r a f t ,   t h e   p i l o t s  would have a tendency 
to  "overshoot"  the  desired  spacing and get   c loser   than  the minimum 3-n.mi. i n t e r v a l .  
The test sub jec t s  would compensate f o r  this fac to r  by exerc is ing  more cau t ion   i n  
c losing  the  spacing when groundspeed  information was not  provided on the  lead air-  
c r a f t .  As a r e s u l t ,  the  conditions  without  groundspeed  data  tags had a s i g n i f i c a n t l y  
g rea t e r  mean spacing a t  gate  3 .  Figure 19 presents  the  spacing  performance  with  and 
without  groundspeed a t  the   th ree   ga tes .  A s  can  be  seen,  the  greater  spacing  interval 
a t  gate  3 without  target  groundspeed is c l ea r ly   ev iden t .   Desp i t e   t h i s   p i lo t  compen- 
sat ion,   the   tendency  for  less than  desired  spacing when t a r g e t  groundspeed i s  not 
provided is s t i l l  evident  when the   t a rge t   c rosses   the  runway threshold  (gate  5 ) .  

CONCLUSIONS 

A p i lo ted   s imula t ion  was conducted to   de te rmine   the   e f fec t  of t r a f f i c - senso r  
noise  on the  u s e  of an   a i rbo rne   t r a f f i c   d i sp l ay   fo r   i n - t r a i l   s e l f - sepa ra t ion   du r ing  
approach to   landing  operat ions.  The following  conclusions  are  based on t h e   r e s u l t s  
of this   s tudy:  

1.  Displayed t ra f f ic   pos i t ion   e r rors   wi th   s tandard-devia t ion   va lues  up t o  
0.3-n.mi. range and azimuth  had n e g l i g i b l e   e f f e c t  on t h e   a b i l i t y  of t he  
p i l o t s   t o  perform  the  self-spacing  task. 

2. The t e s t   p i l o t s   o b j e c t e d   t o   d i s p l a y e d   t r a f f i c   p o s i t i o n   e r r o r s   w i t h   s t a n d a r d -  
deviation  values  greater  than  approximately 0.1 -n.mi. range  and 2 O  

azimuth.  Mental  workload and confus ion   over   t rue   t ra f f ic   pos i t ion  were 
c i t e d  as the   bas i s  for  objec t ion   to   the   h igher   d i sp lay   e r rors .  

3. Display of t h e   l e a d   a i r c r a f t  groundspeed w a s  found t o   a f f e c t   t h e  mean spacing 
performance,  especially  during  periods of speed  or  spacing  changes. P i lo t  
comments c i t ed   t he  groundspeed  information as a def in i te   a id   in   per forming  
the  spacing  task.  
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4. The speed p r o f i l e  of the   l ead   a i rc raf t  was found t o  be a s ign i f i can t   f ac to r  
i n  the mean spacing  performance  achieved by the   t e s t   sub jec t s .  The magni- 
tude of t h i s   e f f e c t  was a function of the  time  available  to  accomplish  the 
spacing  task and individual   pi lot   response  to   the  var ia t ions i n  t r a f f i c  
speed  prof i les  . 

Langley  Research  Center 
National  Aeronautics and  Space Administration 
Hampton, VA 23665 
November 29, 1982 
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APPENDIX 

INSTRUCTIONS TO PILOT 

I n i t i a l  Conditions 

1. Your a i r c r a f t  is a Boeing 737 located 7 n.mi. east  of the Kiowa VORTAC a t  an 
a l t i t u d e  of 14 000 f t  and  an  indicated  airspeed of 290 knots  a t  a heading  of 253O 
toward Kiowa. 

2. The t a r g e t   a i r c r a f t  is another 737 located  over  Kiowa a t  an a l t i t u d e  of 
14 000 f t  fol lowing  the same 253 r a d i a l  from Kiowa. 

P i l o t  Task 

1.  You have  been in s t ruc t ed  by Denver ATC t o   c r o s s  Kiowa a t  14  000 f t  and follow 
r a d i a l  253 from Kiowa and i n t e r c e p t   l o c a l i z e r  and gl ide  s lope  €or   landing on run- 
way  35R.  You are   c leared  to   descend from 14 000 f t   t o  10 000 f t  once you have 
crossed Kiowa. 

2. The t a r g e t   a i r c r a f t  is f ly ing   t he  same approach. You have  been i n s t r u c t e d   t o  
s e l f  -space on t h e   t r a f f i c  by ATC. You a r e   t o   c l o s e   t o  a spac ing   i n t e rva l  of 5 n.mi. 
on t h e   t a r g e t   a i r c r a f t  by the  time you are 10 n.mi. past Kiowa. You are   to   main ta in  
the 5-mile spac ing   un t i l   the   t a rge t   begins  its t u r n   t o   f i n a l .  Once  you have  turned 
t o   f i n a l ,  you should  close  your  spacing on t h e   t a r g e t  i n  o rde r   t o   ob ta in  a 3-mile 
spacing when you cross   the   ou ter  marker. You are to   main ta in   the  3-mile spacing 
u n t i l   t h e   t a r g e t   c r o s s e s   t h e  runway threshold.  

3.  Maximum landing  gear and f lap   ex tens ion   speeds   for   the  737 a i r c r a f t  must be 
observed. 

Performance  Measures 

1.  Your a b i l i t y   t o   a c q u i r e  and  maintain  the  separation  interval w i l l  be measured 
and used as a performance  parameter. 

2. Throughout the  approach,   the   f l ight   di rector   should  be flown as p rec i se ly  as 
possible.  Deviations from centered command bars  on t h e   f l i g h t   d i r e c t o r  w i l l  be 
recorded and  used as a measure  of  your  performance. 
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TABLE I.- TEST  CONDITIONS 

Test- 
condi t ion 
number 

1 
2 
3 
4 
5 
6 

b7 
8 
9 

b l 0  
bl 1 
b l  2 
b l  3 
14 
15 

bl  6 
bl 7 
bl  8 

Test- 
sequence 
number 

(a 1 

1,33,47 
9,26,51 
17,20,43 
5,30,54 

11,22,41 
13,35,37 
15,36,39 
2,27,42 

10,29,46 
4,32,53 
7,24,49 
12,19,44 
18,28,45 
6,21,38 
8,25,48 
14,23,50 
3,31,52 
16,34,40 

1 Sensor  noise level  

Range I 
n.mi. 

~~ 

0 
0 
0 
0 
0 
0 
0 

.1 

.2 

.3 

.o 

.3 

.o 

.1 

.2 

.3 

.o 

.3 

Azimuth I 
deg 

0 
.5 

1 .o 
2.0 
4 .O 
8.0 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
4.0 
4.0 
4 .O 
4.0 
4 .O 
4.0 

Waf f i c  
set  

1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 

Tra f f i c  
groundspeed 
provided 

Yes 
Yes 
Yes 
Yes 
Y e s  
Y e s  
Yes 
Y e s  
Yes 
Yes 
No 
N o  
Yes 
Yes 
Yes 
Yes 
N o  
N o  

a Indica tes   o rder   in  which runs  were made. 
'Used i n  s t a t i s t i c a l  ana lys i s   t o  tes t  s ign i f icance  of t r a f f i c  set ,  

groundspeed,  and p i l o t   e f f e c t s .  

TABLE 11.- TEST  CONDITIONS FOR THREE-FACTOR ANALYSIS OF VARIANCE 

Test-condition 
number 

( a )  

7 and 10 
13 and 16 
1 1  and 12 
17 and 18 
7 and 10 

13 and 16 
1 1  and 12 
17 and 18 

~ 

Factor A 

~ 

P i l o t  1 
P i l o t  1 
P i l o t  1 
P i l o t  1 
P i l o t  2 
P i l o t  2 
P i l o t  2 
P i l o t  2 

~ 

Factor B 

With groundspeed d isp lay  
With groundspeed  display 
Without  qroundspeed  display 
Without  groundspeed  display 
With groundspeed  display 
With groundspeed  display 
Without  groundspeed  display 
Without  groundspeed  display 

Factor C 

T ra f f i c  set 2 
Traf f ic  set  3 
Traf f ic  set  2 
Traf f ic  s e t  3 
Tra f f i c  set  2 
Traf f ic  set  3 
Tra f f i c  set  2 
Traf f ic  se t  3 

aFrom tab le  I. 
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TABLE 111.- COM!?UTED  F-VALUES  FOR  ANALYSIS OF VARIANCE 

[Locat ion   of   ga tes   1  to  5 are d e f i n e d   i n   f i g u r e  81 

F a c t o r s  I 
P i l o t ,  A 
Groundspeed, B 
T r a f f i c   p r o f i l e ,  C 
AB 
AC 
BC 
ABC 

T o t a l  
Error 

P i l o t ,  A 
Groundspeed, B 
T r a f f i c   p r o f i l e ,  C 
AB 
AC 
BC 
ABC 

T o t a l  
Error 

P i l o t ,  A 
Groundspeed, B 
T r a f f i c   p r o f i l e ,  C 
AB 
AC 

ABc 
BC 

To t a l  
E r r o r  

P i l o t ,  A 
Groundspeed, B 
T r a f f i c   p r o f i l e ,  C 
AB 
AC 
Bc 
ABC 
E r r o r  
T o t a l  

~ 

1 
1 
1 
1 
1 
1 

40 
1 

47 

1 
1 

1 
1 

1 
1 

1 
40 
47 

Gate 1 

0.44 
.01 

2.35 
.oo 
.02 
.39 
.07 
.99 

4.27 
. ~ _ _ _ _ _ _ _  

Gate 2 

1.15 
.oo 
.17 
.01 

.Ob 

.o 1 

.oo 

Gate 3 

1 
1 
1 
1 
1 
1 

40 
1 

47 

Gate 4 

1 
1 
1 
1 
1 
1 

40 
1 

47 

P i l o t ,  A 
Groundspeed, B 
T r a f f i c   p r o f i l e ,  C 
AB 
AC 

ABC 
BC 

Error 
T o t a l  

1 
1 
1 
1 
1 
1 

40 
1 

47 

0.02 
1.28 

.5 2 . 00 

.o 2 
-03 

6.05 
.16 

8.09 

0.85 
.oo 
.14 
.46 
.3 2 
.13 

2.74 
.01 

4.66 

Gate 5 

0.24 
.18 
.08 
. 3 8  
.4 2 
.08 

1.73 
.oo 

3.1 2 

a I n d i c a t e s   1 - p e r c e n t   s i g n i f i c a n c e   l e v e l .  
b I n d i c a t e s   5 - p e r c e n t   s i g n i f i c a n c e   l e v e l :  

0.44 
.01 

2.35 
.oo 
.o 2 
.39 
.07 
.o 2 

al  7.83 
.58 

a94.68 
.16 
.9 1 

2.65 
al 5.55 

1.15  a22.48 
.oo 
.17  3.38 

.oo 

.01 .20 

.01 

.Ob 
.2 5 

1 .13 
.oo .o 1 
-05 I 

0.02 0.1 2 
1.28 

.52  3.46 

.oo .03 

-03 
.02 .15 

.16  1.07 
.19 

a8.49 

-15 I 
0.85 

.oo 
a l  2.35 

.14 
.04 

.46 
2.03 

bb .70 
.32 b4.61 
.13 1.95 
.o 1 .19 

.07 I 
0.24 

.18 

.08 

.38 

.4 2 

.08 

.oo 

.04 

1 S i g n i f i c a n c e   l e v e l  I Tabulated  F-value I 1 0.05  4.08 
.01 I 7.31 I 

b5.47 

a8 .85 

b4.24 
1.74 

a9.80 
1.91 

.oo 
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Figure 6.- Error geometry associated with ranqe and azimuth 
measurements. 
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Figure 7.-  Groundspeed versus  distance  to runway threshold  for  three 
target  aircraft. 
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Figure 8.- Locations  along  approach  path used i n  ana lys i s  of p i l o t  
self-spacing  performance. 
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Figure 9.- Effect of sensor  noise  on  spacing  performance a t  qate 1. 
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Figure 10.- Ef fec t  of sensor  noise on spacing  performance a t   g a t e  2. 
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Figure 11.- Effect  of sensor  noise on spacing  performance a t   g a t e  3. 
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Figure 12.- Effect of sensor  noise on spacing  performance a t  gate 4. 
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Figure 13.- Effect  of sensor  noise on spacing  performance a t  gate 5. 
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Figure 14.- Pilot   average  subject ive  ra t ing of   noise   effect  on spacing 
performance. 
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Figure 15.- Effect Of s e n s o r   n o i s e   o n   f l i g h t   d i r e c t o r   r o l l  command t r ack ing  
performance. 
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Figure 16.- Effect of sensor noise  on f l i g h t   d i r e c t o r   p i t c h  command t racking  
performance. 
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Figure 17.- Pilot average  subject ive  ra t ing of no i se   e f f ec t  on f l i g h t  
director  tracking  performance. 
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Figure 18.- P i lo t   average   subjec t ive   ra t ing  of displayed  noise  level.  
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